Little is known about genes that control growth and development under low carbon (C) availability. The Arabidopsis (Arabidopsis thaliana) EXORDIUM-LIKE1 (EXL1) gene (At1g35140) was identified as a brassinosteroid-regulated gene in a previous study. We show here that the EXL1 protein is required for adaptation to C-and energy-limiting growth conditions. Indepth analysis of EXL1 transcript levels under various environmental conditions indicated that EXL1 expression is controlled by the C and energy status. Sugar starvation, extended night, and anoxia stress induced EXL1 gene expression. The C status also determined EXL1 protein levels. These results suggested that EXL1 is involved in the C-starvation response. Phenotypic changes of an exl1 loss-of-function mutant became evident only under corresponding experimental conditions. The mutant showed diminished biomass production in a short-day/low-light growth regime, impaired survival during extended night, and impaired survival of anoxia stress. Basic metabolic processes and signaling pathways are presumed to be barely impaired in exl1, because the mutant showed wild-type levels of major sugars, and transcript levels of only a few genes such as QUA-QUINE STARCH were altered. Our data suggest that EXL1 is part of a regulatory pathway that controls growth and development when C and energy supply is poor.
The coordination of carbon (C) supply and growth in varying environmental conditions is a major challenge for plants. The rate of CO 2 assimilation, the accumulation of storage carbohydrates during the day, the use of assimilates for growth, and the rate of carbohydrate degradation at night represent processes that require coordinated regulation (Paul and Pellny, 2003; Smith and Stitt, 2007) . The diurnal C balance is of pivotal importance for the maintenance of growth, because even transient periods of carbohydrate deficiency cause growth inhibition by temporary inhibition of carbohydrate utilization ). Short-term undesirable conditions such as moisture deficit and cold temperatures reduce photosynthetic C supply, and biotic damage to leaves or defoliation can interrupt photosynthetic activity.
Plants evolved mechanisms that ensure the coordination of growth with metabolism. These mechanisms imply both long-distance and tissue-or cell typespecific signaling mechanisms (Rolland et al., 2006) . Glc, Fru, and Suc are the main products of photosynthesis. Sugar-dependent feedback mechanisms control photosynthesis (Paul and Pellny, 2003) . Sink tissues modify local and long-distance sugar signaling by the level of sugar import and the action of Suc-cleaving enzymes (Koch, 2004) . The C and energy status controls metabolic pathways by posttranslational regulation of enzymes (Huber and Hardin, 2004) . In addition, sugar availability controls transcription, translation, and protein stability of transcription factors (Smeekens et al., 2010) and modulates global gene expression patterns (Ho et al., 2001; Contento et al., 2004; Lee et al., 2004; Thimm et al., 2004; Bläsing et al., 2005; Usadel et al., 2008) .
Although sugar regulation is necessarily far more complex in multicellular organisms, yeast is a useful model for sugar sensing and signaling at the cellular level (Rolland et al., 2006) . Three major Glc sensing and signaling pathways have been identified in yeast. Glc is the preferred C source for yeast. The metabolism of other C substrates is repressed if Glc is available. This phenomenon is referred to as "Glc repression." It requires the activity of the glycolytic enzyme and sensor Hexokinase2 (Hxk2). In response to Glc, Hxk2 is transported into the nucleus, where it interacts with the transcription factor Multicopy inhibitor of GAL expression1 (Mig1) and generates a repressor complex. This complex is responsible for the repression of genes involved in the transport and metabolism of alternative C substrates, gluconeogenesis, and respiration (Moreno et al., 2005) . The activity of Mig1 is also controlled by a key protein kinase, Sucrose nonfermenting1 (Snf1). Upon Glc depletion, Snf1 is activated and controls many processes through the phosphorylation of transcription factors and metabolic enzymes. The general effect of the Snf1 kinase in yeast is to switch the cellular metabolism from fermentation to respiration (Zhang et al., 2010) . Phosphorylation of Mig1 by Snf1 is essential for the nuclear export of Mig1 and the derepression of genes that are repressed in the presence of high Glc concentrations (Ahuatzi et al., 2007) . Fermentative Glc metabolism requires a high metabolic flux through glycolysis. The expression of hexose transporters (Hxts) is up-regulated through the action of the Hxt homologs Snf3 and Restores glucose transport2 (Rgt2; Rolland et al., 2006) . Snf3 and Rgt2 function as sensors for extracellular Glc (Gancedo, 2008) . The third Glc signaling pathway in yeast is based on Glc activation of cAMP synthesis. Activation of cAMP synthesis by the adenylate cyclase Cyr1 requires Glc phosphorylation by either Glucokinase1 (Glk1) or one of the two hexokinases (Hxk1 or Hxk2) and Glc activation of the G-protein-coupled receptor Gpr1. The cAMP-dependent protein kinases A (PKAs; Tpk1-Tpk3) control a large number of proteins, including transcriptional regulators such as Rgt1, Msn2, and Msn4. The PKAs stimulate glycolytic activity, the mobilization of reserve carbohydrates, and ribosome biogenesis. Furthermore, the cAMP-PKA pathway mediates cell growth and represses the expression of stress resistance genes (Rolland et al., 2006; Gancedo, 2008) .
Experimental evidence suggests the presence of at least three systems for Glc sensing and additional systems for Suc sensing in plants. The AtHXK1/GIN2 hexokinase has Glc signaling functions that are uncoupled from metabolic activities (Jang et al., 1997; Zhou et al., 1998; Moore et al., 2003) . It is mainly associated with mitochondria, possibly as part of a glycolytic metabolon, but also found in the nucleus (Yanagisawa et al., 2003) . The Arabidopsis (Arabidopsis thaliana) genome encodes two further hexokinases and three hexokinase-like (HKL) proteins. The HKL1 protein lacks glucokinase activity and plays a specific role (Karve and Moore, 2009) . In contrast to yeast and animals, G-protein signaling is poorly characterized in plants. AtRGS1, an unusual hybrid seven-transmembrane domain protein with a C-terminal RGS box with GTPaseaccelerating activity , potentially acts as an extracellular receptor for Glc and mediates Glc regulation of a limited set of genes (Grigston et al., 2008) . The Suc transporter-like protein SUT2 resembles the yeast Snf3 and Rgt2 proteins (Barker et al., 2000) , but a role as extracellular Glc or Suc sensor has not been demonstrated. Evidence for additional sugar sensing mechanisms in plants comes from experiments with Glc and Suc analogs and mutants with defects in sugar responses.
Evolutionarily conserved protein kinases termed Snf1 in yeast, AMPK in mammals, and Snf1-Related Protein Kinase1 (SnRK1) in plants are major components of energy homeostasis maintenance in eukaryotes (Baena-González and Sheen, 2008; Zhang et al., 2010) . As mentioned above, Snf1 in yeast is activated upon Glc depletion and controls many processes through the regulation of transcription factors and metabolic enzymes. SnRK1 in plants represents a master regulator during C and energy deprivation (Baena-González and Sheen, 2008; Halford and Hey, 2009; Jossier et al., 2009 ). SnRK1.1/KIN10-mediated gene expression is positively correlated with that regulated by C deprivation and negatively correlated with that controlled by sugar (Baena-González et al., 2007) . Plant SnRK1 kinases are also involved in the posttranslational regulation of key enzymes and thus may directly regulate major biosynthetic pathways (Sugden et al., 1999) . The activity of SnRK1 is inhibited by proteins such as PRL1 (Bhalerao et al., 1999) and the sugar-induced signaling molecule trehalose-6-phosphate (Zhang et al., 2009 ). AtSnAK1/GRIK2 and AtSnAK2/GRIK1 act as upstream kinases and activate SnRK1 (Hey et al., 2007; Shen et al., 2009) . The calcineurin B-like-interacting protein kinase CIPK15 is an upstream regulator of SnRK1A in rice (Oryza sativa) and links oxygen-deficiency signals to the SnRK1-dependent sugar sensing cascade (Lu et al., 2007; Lee et al., 2009) .
Several mutants impaired in phytohormone biosynthesis or signaling also show altered sugar responses. For example, abscisic acid-deficient or abscisic acidinsensitive mutants are Glc insensitive (ArenasHuertero et al., 2000; Huijser et al., 2000; Laby et al., 2000; Cheng et al., 2002) . Ethylene overproduction mutants and mutants with constitutive ethylene signaling show reduced responses to high levels of Glc or Suc, whereas ethylene-insensitive mutants are hypersensitive to sugar (Zhou et al., 1998; Cheng et al., 2002) .
In this study, we characterize the Arabidopsis gene EXORDIUM-LIKE1 (EXL1). EXL1 was identified as a BR-induced gene (Schrö der et al., 2009 ). EXL1 encodes a putative protein of 309 amino acids that is the closest homolog to the previously characterized EXO protein (67% identity and 79% similarity; Farrar et al., 2003; Coll-Garcia et al., 2004; Schröder et al., 2009) . Structure prediction tools such as PSIPRED (McGuffin et al., 2000) suggest that the positions of helices and strands are highly conserved in EXO and EXL1. The major structural feature of the proteins is the so-called PHOSPHATE-INDUCED PROTEIN1 conserved region (see Pfam entry PF04674 [Finn et al., 2008] ). Proteins harboring this region were identified in evolutionarily distant green plants (Schrö der et al., 2009 ). The molecular function of the region is unknown. The EXO and EXL1 primary sequences do not show similarities to other known protein domains. In silico analyses and experimental evidence indicate an extracellular localization of the proteins. EXO, EXL1, and other members of the protein family carry an N-terminal signal peptide. Sequence analysis tools such as TargetP (Emanuelsson et al., 2000) and WoLF PSORT (Horton et al., 2007) predict that the proteins enter the secretory pathway (Schrö der et al., 2009) . Several proteomics approaches identified EXO, EXL1, and other members of the protein family as part of the cell wall proteome (Borderies et al., 2003; Bayer et al., 2006; Feiz et al., 2006; Jamet et al., 2006) , and EXO:HA (for hemagglu-tinin) and EXO:GFP fusion proteins were detected in the apoplast (Schrö der et al., 2009) .
Here, we show that EXL1 plays an essential role under specific environmental conditions. EXL1 is largely irrelevant under favorable light conditions and nonlimiting C supply but controls growth and development under low C and energy availability. Our evidence suggests that EXL1 is part of a regulatory mechanism that serves to balance the C status with development and growth.
RESULTS

Identification of Mutants
An exl1 knockout mutant (GABI-Kat line 592A10; Rosso et al., 2003) was identified. The mutant carries a T-DNA insertion in the coding region (126 bp upstream of the stop codon). Northern-blot and reverse transcription (RT)-PCR analyses did not detect EXL1 transcript (data not shown). Introduction of a 35S:: EXL1 construct into the exl1 mutant (exl1/35S::EXL1) resulted in strong EXL1 expression in the mutant and normalized the phenotypic changes (see below). Thus, the exl1 phenotype was caused by the T-DNA insertion into the EXL1 coding sequence. Furthermore, a knockon mutant termed exl1-D (SALK line 027172; Alonso et al., 2003) was identified. The exl1-D mutant carries a T-DNA insertion at position 2467 upstream of the translation start codon and showed a several-fold increase in EXL1 transcript levels in comparison with the wild type.
EXL1 Expression Is Induced by C Starvation
Expression of EXL1 and EXO is induced by BR (Schrö der et al., 2009) , and the encoded proteins are highly similar. Thus, we assumed that EXL1 and EXO play similar roles in the control of vegetative growth and tested biomass production and development of the exl1 mutant in a greenhouse. In contrast to EXO, the loss of EXL1 was largely irrelevant for growth and development under standard conditions. Therefore, we used Web-based platforms such as Genevestigator (Hruz et al., 2008) and the Arabidopsis eFP Browser (Winter et al., 2007) to identify experimental conditions that have a strong impact on EXL1 expression. The data indicated that EXL1 expression is controlled by the C status. Relevant Affymetrix ATH1 microarray profiles were downloaded from the Gene Expression Omnibus (Edgar et al., 2002) and analyzed using the ROBIN software that is based on functions of the R/BioConductor project (Lohse et al., 2010) . In addition, plants were grown in synthetic medium supplemented with different sugar levels or in soil under different light regimes. EXL1 transcript and protein levels were analyzed by means of quantitative RT-PCR and western-blot analysis, respectively.
The expression of EXL1 showed the following profile. First, EXL1 transcript levels decreased slightly during the light period and increased slightly during the night in wild-type plants (Fig. 1 ). This diurnal cycling was intensified in the pgm mutant (Fig. 1A , top right panel). The pgm mutant does not form transitory starch (Caspar et al., 1985) and is unable to maintain appropriate carbohydrate and energy levels during the night. Consequently, pgm plants show poor growth and symptoms of C starvation in the dark period (Gibon et al., 2006) . Second, wild-type plants showed strong EXL1 expression in extended night (Fig. 1, A , bottom left panel, and C). Third, EXL1 mRNA levels decreased in wild-type seedlings grown in liquid culture upon sugar supply (Fig. 1A , bottom right panel). Fourth, wild-type plants grown in an atmosphere with 50 mL L 21 CO 2 showed higher EXL1 expression than plants grown in 350 mL L 21 CO 2 (Fig. 1A , bottom right panel). Fifth, addition of increasing levels of Suc to synthetic growth medium suppressed EXL1 expression (data not shown). Sixth, overexpression of SnRK1.1 (also known as KIN10 or AKIN10) resulted in elevated EXL1 mRNA levels (Baena-Gonzá lez et al., 2007) . In summary, low C availability and SnRK1.1/KIN10 action result in elevated EXL1 transcript levels.
In addition to mRNA synthesis and stability, translation efficiency and protein stability could determine the EXL1 protein level. EXL1:HA transcript and protein levels were assessed in plants carrying the pEXL1::EXL1:HA and 35S::EXL1:HA constructs. The pEXL1::EXL1:HA construct conferred expression of an HA-tagged EXL1 protein driven by a genomic EXL1 fragment that is located upstream of the EXL1 translation start codon (positions 21 to 2928). The sequence of several full-length cDNAs and promoter analysis tools such as PPDB (Yamamoto and Obokata, 2008) indicate a length for the 5# untranslated region of EXL1 of about 92 bp and a putative TATA box at positions 2110 to 2121. Thus, the cloned promoter sequence in the pEXL::EXL1:HA construct spans about 830 bp. The 35S::EXL1:HA construct resulted in the expression of an identical EXL1:HA protein under control of the cauliflower mosaic virus 35S promoter.
High levels of EXL1:HA transcript were detected in shoots of the pEXL1::EXL1:HA transgenic lines when plants were grown in the presence of 0.2% (w/v) Suc. Accordingly, decreasing transcript levels were detected when plants were grown in the presence of 0.5%, 1%, 3%, or 5% Suc ( Fig. 2A) . EXL1:HA expression was less repressed by sugar in roots (Fig.  2B ). EXL1:HA expression driven by the EXL1 promoter resulted in corresponding EXL1:HA protein levels (Fig. 3) . The 35S promoter caused strong EXL1: HA expression under all conditions (Fig. 2) and largely prevented the modulation of EXL1:HA transcript (Fig. 2) and EXL1:HA protein levels (data not shown) by the sugar supply and light regime. These data indicate that transcriptional regulation of EXL1 confers an adjustment of EXL1 protein levels to the C status. The exl1 mutant developed like the wild type when grown in the presence of 1% (w/v) Suc in a diurnal cycle. Biomass production and leaf size were similar. Next, plants were grown under standard conditions in the presence of high sugar levels (3%-6% [w/v] Suc). High sugar levels similarly impaired the development of the mutant and the wild type. No differences between the genotypes were observed. In contrast, loss of EXL1 caused slightly reduced leaf growth and a significant 27% reduction in biomass in the presence of 0.2% Suc (controls in Figs. 4 and 5) .
Arabidopsis seedlings can develop leaf-and flowerlike organs in the dark, but skotomorphogenesis critically depends on the sugar availability (Roldán et al., 1999; Baier et al., 2004; Li et al., 2007) . Similar to photomorphogenic development, skotomorphogenic development of exl1 was identical with the wild type when grown in medium supplemented with 1% Suc or 1% Glc. Nearly all plants developed true leaves after 3 weeks. Sporadically, plants developed another pair of true leaves (data not shown). There were also no clear differences between the genotypes in the presence of 0.05% Suc (Fig. 6A) , presumably because very low Figure 1 . EXL1 expression in response to C availability. A, Expression profiles from publicly available microarray data (Bläsing et al., 2005; Gibon et al., 2006; Osuna et al., 2007; Usadel et al., 2008) . The data were normalized using RMA and log 2 transformed. sugar levels prohibited growth. Supply of 0.15% Suc or Glc, however, caused accelerated development of the exl1 mutant. Wild-type plants typically developed elongated hypocotyls and opened cotyledons but hardly produced true leaves. In contrast, approximately 15% of the exl1 plants developed an internodium and true leaves (Fig. 6) . Introduction of the 35S:: EXL1 construct into the exl1 mutant suppressed true leaf formation (Fig. 6A) . Thus, the loss of EXL1 resulted in enhanced dark development in the presence of low sugar levels.
EXL1 Limits BR-Promoted Growth during Low C Availability BR treatments were used to enforce growth. Growth of wild-type and exl1 plants was tested in halfconcentrated MS medium supplemented with 0.2% or 1% (w/v) Suc and 0 nM BR (control), 50 nM castasterone, or 50 nM brassinolide. Exogenous BR stimulated growth at both Suc levels, but the relative BR effect on biomass production was more pronounced at 0.2% Suc. Application of 50 nM castasterone or 50 nM brassinolide resulted in a 1.7-to 2-fold increase of biomass in wild-type plants and a 2.8-to 3.3-fold increase of biomass in exl1, respectively (Fig. 4) . In contrast, the biomass of exl1 was similar to that of the wild type at 1% Suc (Fig. 4) .
Several studies have shown that BR promotes leaf growth. For example, enhancement of BR responses by means of DWF4, BRI1, or BAK1 overexpression or application of synthetic BR resulted in leaves that are characterized by longer petioles and an increased leaf index (Choe et al., 2001; Wang et al., 2001; Nam and Li, 2002) . To investigate the influence of EXL1 on leaf growth, plants were grown in synthetic medium supplemented with 0.2% Suc and 0 nM BR (control), 50 nM 24-epibrassinolide, or 50 nM brassinolide. Leaf length and leaf width were determined after 16 d. In the absence of exogenous BR, leaf size of exl1 plants was slightly smaller in comparison with the wild type, but leaf indices did not differ significantly (Fig. 5) . Application of 50 nM 24-epibrassinolide or 50 nM brassinolide resulted in a significant increase of the leaf index in all genotypes. The BR-promoted growth response was more pronounced in plants with impaired EXL1 expression. For example, the presence of 50 nM brassinolide caused a 1.7-fold increase of leaf length in the wild type and a 2.4-fold increase in exl1 (Fig. 5 ).
EXL1 Is Required for Growth under Light-Limited Conditions
In order to examine the role of EXL1 in the adaptation to low C under physiological conditions, plants were grown in soil under short-day conditions with low light (4 h of light [60 mmol m 22 s
21
]/20 h of darkness). The low photosynthetically active radiation and long dark period resulted in a low total irradiance Western-blot analysis of EXL1:HA protein levels. Plants carrying the pEXL1::EXL:HA construct were grown under different conditions. The EXL1:HA fusion protein was detected using a monoclonal anti-HA antibody and an enhanced chemiluminescence detection system. Similar results were obtained for independent transgenic lines. A, Plants were grown in synthetic medium supplemented with 0.2%, 0.5%, 1%, 3%, and 5% (w/v) Suc. Protein was extracted from the same shoot material as used for transcript analysis ( Fig. 2A) . B, Plants were grown in long-day conditions as described in the legend of Figure  2D . eD, End of day; eN, end of night. C, Plants were grown under lightlimited conditions as described in the legend of Figure 2C .
that limited growth. Several independent experiments revealed that the exl1 mutant showed less growth in comparison with the wild type (Fig. 7A) . Fresh weight and dry weight of exl1 were reduced by approximately 50% (Fig. 7B) . Thus, EXL1 is necessary for growth under light-limited conditions. The exl1-D mutant did not show improved growth and biomass production, suggesting that wild-type EXL1 expression is sufficient under these conditions. Reduced growth of exl1 could be due to defects in the primary metabolism of major carbohydrates. Altered levels of starch, Glc, Fru, or Suc are indicative of such defects. Starch levels of wild-type, exl1-D, and exl1 plants were measured based on the enzymatic hydrolysis and photometric determination of Glc. Plant material of three independent short-day/lowlight experiments was analyzed. No significant differences were detected between the genotypes. Differences between independent experiments actually exceeded differences between the genotypes (wild-type, 2.5-3.8 mmol hexose equivalents mg 21 chlorophyll [means, end of night] and 8.9-12.9 mmol hexose equivalents mg 21 chlorophyll [means, end of day]; exl1-D, 2.6-3.7 and 8.8-10.5 mmol mg 21 chlorophyll; exl1, 2.2-3.5 and 11.5-11.6 mmol mg 21 chlorophyll; similar results were obtained when starch levels were related to dry weight). Similarly, Glc, Fru, and Suc levels did not differ significantly (data not shown). This suggests that major metabolic pathways are functional in exl1, although it cannot be excluded that the plasticity of metabolic networks compensates for perturbations.
Wild-type and exl1 plants were also analyzed by means of gene expression profiling. Eight profiles were established using Affymetrix ATH1 microarrays. First, wild-type and exl1 plants were grown in an 8-hday (140 mmol m 22 s 21 )/16-h-night regime. These conditions allowed largely normal growth of exl1. Second, wild-type and exl1 plants were grown under the lowtotal-irradiance regime mentioned above (4 h of light [60 mmol m 22 s 21 ]/20 h of darkness). These conditions caused significantly less growth of exl1 in comparison with the wild-type. For each light regime and genotype, plant material was harvested at the beginning and the end of the light period.
The activity of most genes was virtually identical under the 8-h-light/16-h-dark growth regime. Only nine and 14 genes showed at least a 2-fold change in the comparison of exl1 versus the wild type at the end of the night and the end of the day, respectively (Supplemental File S1). A single gene, QUA-QUINE STARCH (QQS; At3g30720), showed consistent upregulation in exl1 (7.3-and 5.9-fold change; Supplemental File S1). The wild-type and exl1 expression profiles were more different under the low-total-irradiance regime. Twenty-six and 40 genes showed at least a 2-fold change in exl1 compared with the wild type at the end of the night and the end of the day, respectively. The QQS gene again showed stronger expression in exl1 (2.8-and 3.4-fold change; Supplemental File S1). QQS transcript levels were studied in more detail by quantitative RT-PCR under light-limited conditions (4 h of low light; Fig. 8A ), in a short-day diurnal cycle (8 h of light/16 h of dark), and in extended night (more than 16 h of dark; Fig. 8B ). The diurnal regulation and induction in extended night of QQS in wild-type plants were unaltered in exl1, but QQS transcript levels were higher at all times in exl1 compared with the wild type. QQS encodes a protein of 59 amino acids. The precise function is unknown, but it was suggested to play a role in the control of starch metabolism (Li et al., 2009) .
Transcript levels of sugar-responsive genes (Price et al., 2004; Osuna et al., 2007) , of genes that show diurnal changes (Schaffer et al., 2001; Bläsing et al., 2005; Michael et al., 2008) , and of phytohormoneresponsive genes (Goda et al., 2008) were barely changed in exl1 in comparison with the wild type. The marginal changes in the expression profiles indicate that exl1 does not suffer from a severe disturbance of sugar responses, from incorrect phasing of transcription under circadian conditions, or from defects in the phytohormone signaling network.
EXL1 Warrants the Survival of Extended Night Periods and Confers Anoxia Tolerance
To examine the role of EXL1 in prolonged darkness, wild-type and exl1 plants were grown in soil for 3 weeks in a controlled-growth chamber. Subsequently, the light was switched off. Survival rates were determined by transferring 15 plants per genotype and point in time into an illuminated greenhouse after different periods of extended night. Five independent experiments were performed. Survival rates of the exl1 mutant were significantly lower in comparison with the wild type after 11 to 15 d in darkness (Fig. 9A) .
Several experiments in the Genevestigator Stimulus database (Hruz et al., 2008) indicated that EXL1 transcript levels were elevated under oxygen deficiency in comparison with normoxia. The most obvious effect of an oxygen shortage is an energy deficit, and genes that are under the control of the oxygen level may mediate the adaptation to an altered energy status. Anoxia tolerance of wild-type, exl1, and exl1-D plants was tested as described by Licausi et al. (2010) . Plants were established in half-concentrated MS medium supplemented with 1% (w/v) Suc and subjected to temporary anoxia stress. Survival rates were negatively correlated with the length of the anoxic treatment and positively correlated with EXL1 expression. Short anoxic treatments (6 h) allowed the survival of all plants (data not shown). However, 8-and 10-h anoxic treatments revealed differences between the genotypes. The exl1 mutant showed significantly reduced survival rates, and the exl1-D mutant showed significantly higher survival rates in comparison with the wild type (Fig. 9B) . The anoxia tolerance of exl1-D seedlings was not due to stronger growth (Supplemental File S2). Neither genotype survived longer anoxic treatments (more than 11 h).
DISCUSSION
EXL1 Transcript Accumulates during Low C and Low Energy Availability
Several lines of evidence indicate that EXL1 expression is induced under low C and low energy availability ( Figs. 1 and 2 ). For example, extended night, sugar starvation in synthetic medium, and diminished oxygen supply promoted EXL1 expression. Diurnal changes of EXL1 expression were strongly pronounced in the starch-deficient pgm mutant (Fig. 1A) , and EXL1 expression was under the control of SnRK1.1/KIN10 (Baena-González et al., 2007) . The increase of the EXL1 mRNA level was associated with an increase in the protein level (Fig. 3 ).
EXL1 Adapts Growth and Development to Low C Supply
Plants are able to avoid C deficiency under fluctuating environmental conditions because growth and development are synchronized with the supply and utilization of C Hummel et al., 2010) . C signaling may ultimately determine the activity of biosynthetic and catabolic pathways . Sugar responses were assessed by plant cultivation on medium supplemented with different levels of sugar. Growth and development of exl1 under a diurnal light regime and in constant darkness were similar to the wild type in the presence, for example, of 1% (w/v) Suc. Phenotypic changes only became apparent when C supply was suboptimal. The mutant produced less biomass and slightly smaller leaves under a diurnal light regime in medium supplemented with 0.2% Suc (Figs. 4 and 5) . Skotomorphogenesis is a sensitive indicator of the effects of sugar on development, because C availability determines activity of the shoot apical meristem (Roldán et al., 1999; Baier et al., 2004) . Dark development of exl1 was accelerated in medium supplemented with 0.15% Glc or Suc (Fig. 6) . The molecular basis of this result is unknown and could be manifold. Altered sugar transport, enhanced sugar responses, and cell wall changes were demonstrated to accelerate leaf and internodium formation in darkness (Baier et al., 2004; Li et al., 2007) .
The conditional phenotype suggests that EXL1 controls growth and development only during low C availability. This hypothesis was tested further by the application of synthetic BR. The primary function of BR is growth promotion of nearly all plant organs (Mü ssig, 2005) . BR-promoted growth depends on the C supply (Fig. 4; data not shown) . The exl1 mutant showed a wild-type response to Suc and BR in the presence of 1% Suc. In contrast, BR-dependent biomass production and leaf growth were much stronger in exl1 at 0.2% Suc (Figs. 4 and 5 ). The EXL1 protein could limit BR-dependent growth under low C availability. Alternatively, enhanced growth of the exl1 mutant could be due to higher sensitivity to BR in low-C conditions. The molecular processes that link sugar responses and BR signaling have not been resolved so far. BR presumably coordinates and integrates diverse processes required for growth, partly via interactions with other phytohormones and signaling pathways. BR has been implicated in the control of C metabolism and C allocation. For example, BR modifies enzyme activities (e.g. acid invertases, Rubisco, and cytosolic b-amylase) and controls sink strength and source efficiency (Goetz et al., 2000; Schlü ter et al., 2002; Lisso et al., 2006; Wu et al., 2008) . The physiological role of EXL1 was tested in three additional experimental setups that are characterized by low C and low energy availability.
First, plants were grown in soil under short-day conditions with low light (4 h of light [60 mmol
]/20 h of dark). Plants can adapt to limited light, although this adaptation requires comprehensive reprogramming of the central metabolism and decrease of the growth rate (Gibon et al., , 2009 ). Growth of the exl1 mutant was clearly impaired under the same cDNAs were used as for EXL1 analysis (Fig. 1B) . eN, End of night; eD, end of day. B, QQS expression in a diurnal cycle (end of night to 16 h of dark) and in extended night in wild-type and exl1 plants. eN corresponds to 16 h of dark. The same wild-type cDNAs were used as for EXL1 analysis (Fig. 1C) . Figure 9 . Survival rates after extended night and anoxic stress. A, Plants were raised under short-day conditions (8 h of light/16 h of dark) and subjected to different periods of continuous darkness. After retransfer to a greenhouse with long-day conditions, plants were grown for 1 week prior to determining survival rates. Five independent experiments were analyzed. Results are mean survival rates 6 SE (n = 15 plants per genotype, time, and experiment). Mutant values denoted with an asterisk are significantly different from those of their wild type (t test, P , 0.01). B, Seven-day-old plants were subjected to anoxia for 8 and 10 h. After the treatment, plants were transferred to ambient air, and survival rates were determined after a 10-d recovery period. Results are mean survival rates 6 SE (n = 4 plates containing at least 50 seedlings each). Mutant values denoted with an asterisk are significantly different from those of their wild type (t test, P , 0.01).
these conditions in comparison with the wild type, resulting in approximately 50% less biomass production (Fig. 7) . Therefore, the adaptation to light-limited conditions depends on EXL1. ]/8 h of dark) conditions (data not shown). Second, plants were subjected to extended night. Plants switch each day between high C availability in the light and a negative C balance at night. Starch turnover is regulated in wild-type plants, and only a small amount of starch is left at the end of the night Usadel et al., 2008) . Abrupt periods of extended night cause massive changes in global gene expression and of metabolite levels and eventually provoke an acute C limitation (Smith and Stitt, 2007) . The exl1 mutant is impaired in the adaptation to prolonged darkness, because survival rates were significantly smaller in comparison with the wild type (Fig. 9A) .
Third, plants were subjected to anoxia stress. Plant responses to too little oxygen serve to reduce oxygen consumption in order to maintain a minimal internal oxygen concentration that is required for oxidative phosphorylation (i.e. activity of cytochrome oxidase) and sustainment of several metabolic pathways that require molecular oxygen (Geigenberger, 2003) . Decreasing internal oxygen is sensed in plants and leads to an inhibition of respiration, a decrease of the ATP/ ADP ratio, and the prioritization of metabolic pathways that conserve energy. Several components that control anaerobic responses have been identified (Licausi et al., 2010; Mustroph et al., 2010) . EXL1 represents another factor that is essential for survival of anoxia (Fig. 9B ).
CONCLUSION
The phenotypic changes of exl1 in soil and in synthetic medium only became evident when C and energy supply was suboptimal. Low sugar supply in synthetic medium, limited light and elongated dark periods in soil, and oxygen deficiency require comprehensive adaptations of metabolism and growth. EXL1 is essential for these adaptations. The mode of action of EXL1 is as yet unknown. The presumed extracellular localization of EXL1 suggests a specific role that is distinct from known sugar signaling pathways.
MATERIALS AND METHODS
Screen for Mutants and Establishment of Transgenic Lines
The SALK 027172 line (Alonso et al., 2003) carries a T-DNA insertion in the EXL1 promoter and was named exl1-D. The GABI-Kat line GK 592A10 (Rosso et al., 2003) carries a T-DNA insertion in the EXL1 coding sequence and was named exl1. DNA insertion sites were confirmed by sequencing. Homozygosity of both T-DNA insertion lines was confirmed by PCR on genomic DNA using T-DNA border-specific and gene-specific primers.
Several constructs were established using Gateway-compatible vectors. The EXL1 coding sequence was amplified using the primers EXL1ga_fw (5#-CACCATGGCTTCTTTTGTGATGGG-3#) and EXL1ga_ rev (5#-AAACA-GAGTCGAGCAAGAATCTG-3#). The PCR fragments were cloned into the pENTR/D-TOPO (Invitrogen) entry vector. Sequencing confirmed full sequence identity of the PCR product with the ecotype Columbia (Col-0) genomic sequence. The EXL1 coding sequence was inserted into the pH7WG2 vector for expression under control of the 35S promoter (Karimi et al., 2002) and into the pGWB14 vector (Nakagawa et al., 2007) for fusion of three copies of the HA epitope to the C terminus of EXL1. The resulting constructs were termed 35S::EXL1 and 35S::EXL1:HA, respectively. A genomic EXL1 fragment comprising 928 bp upstream of the translation start codon and the coding sequence was amplified using the primers pEXL1ga_fw (5#-CACCTT-GATTCGGTTTTTCGGATT-3#) and EXL1ga_rev. Cloning into the pGWB13 vector (Nakagawa et al., 2007) resulted in the pEXL1::EXL1:HA construct. All constructs were transformed into Arabidopsis (Arabidopsis thaliana) plants using the floral dip method.
Growth Conditions
Seeds for growth experiments were derived from plants grown in parallel in a greenhouse. Plants were grown in half-concentrated MS medium supplemented with different Glc or Suc concentrations and solidified with 0.8% (w/v) agar. After 2 to 3 d in a cold room (4°C), plants were transferred into a growth chamber with a long-day light regime (16 h . All genotypes were grown in the same chamber at the same time in a randomized manner. Anaerobic responses were tested as described by Licausi et al. (2010) .
Gene Expression Analysis and Protein Extraction
Gene expression analyses were performed as described (Schrö der et al., 2009) . Primer sequences for quantitative RT-PCR were as follows: EXL1_fw (5#-TGGATCGGCTTGTACTGGAG-3#) and EXL1_rev (5#-GGGTCAAACA-AAGCCGGTAA-3#; E = 1.982 6 0.003 [mean 6 SE]); EXL1:HA_fw (identical to EXL1_fw) and EXL1:HA_rev (5#-TCCTGCATAGTCCGGGACGTCA-3#; E = 1.983 6 0.005); QQS_fw (5#-AGCCATTGAAGAAACCTCCTTTCG-3#) and QQS_rev (5#-ATGGCTGACCGTGTGAGTCTTG-3#; E = 1.977 6 0.002); and eIF1a_fw (5#-TTGACAGGCGTTCTGGTAAGG-3#) and eIF1a_rev (5#-CAGCGTCACCATTCTTCAAAAA-3#; At5g60390). Average PCR efficiencies (E) were computed for each primer pair across all analyzed samples with the LinRegPCR software (Ramakers et al., 2003) . Protein for western-blot analysis was isolated using ice-cold extraction buffer (125 mM Tris [pH 8.8], 1% SDS, 10% glycerol, 50 mM Na 2 SO 4 , and Complete Protease Inhibitor Cocktail [Roche]).
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers AY084831.1 (EXL1) and EU805808.1 (QQS).
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